This paper uses a multivariate vector error-correction generalized autoregressive conditional heteroscedasticity model to investigate the effect of British grain prices on their Irish equivalents. We find that in the long run the law of one price holds and in the short run the model captures the salient features of Irish grain prices. The model is used to compute rolling forecasts of the conditional means, variances and covariance of Irish grain prices one year ahead. We find that this model produces superior forecasts compared to those based on a commonly used methodology of an autoregressive conditional mean model where the second moments are estimated using a fixed weight moving average.
Introduction
The policy environment facing European Union (EU) grain producers has undergone considerable change since 1992. The 1992 MacSharry reforms of the EU's Common Agricultural Policy (CAP) reduced grain intervention prices by 30 per cent over a three-year period commencing with the 1993-1994 marketing year. The recent Agenda 2000 reforms yielded a further reduction of 15 per cent in grain intervention prices over a two-year period.
A priori, one would expect that this reduction in guaranteed support prices and the consequent movement of internal EU grain prices towards equivalent world prices 1 would increase the volatility of the price series faced by the producer.
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The increased relevance of uncertainty in the decision-making processes of producers has led to traditional supply response models being expanded to incorporate price uncertainty.
Recent theoretical research by Coyle (1992) and Saha (1997) on the supply response of producers has adopted the popular mean-variance behavioural postulate. In order to apply these theoretical models estimates of the expected price, variance and covariance among prices of the commodities are required. For example, Oude Lansink (1999) applied their theoretical methodology to land allocation on Dutch arable farms and produced the moment estimates following the econometric methodology of Chavas and Holt (1990) . The expected price is obtained using an AR(1) model and the expected variances and covariance of prices are obtained using a fixed weight moving average. We argue that the Chavas and Holt (1990) methodology is too ad hoc given the fact that in the last fifteen years there have been many developments in the time series literature for the purpose of estimating conditional first and second order moments. In particular, the multivariate generalized autoregressive conditional heteroscedasticity (MVGARCH) framework allows for the modeling of both the time varying conditional variances and covariances of prices.
In the light of these policy and methodological developments, this paper seeks to answer The second question is how well do the one-year ahead forecasts of the conditional first and second moments from the VEC-MVGARCH model compare with those generated using the Chavas and Holt (1990) methodology? Irish grain producers typically harvest in AugustOctober and plant wheat in October. Therefore we use a variant of the VEC-MVGARCH model to compare the one-year ahead (October to the following September) rolling forecasts of conditional first and second moments of domestic feed grain prices for the 1990-2000 period with those generated using the Chavas and Holt (1990) methodology. We test whether there is a significant difference in these forecasts using Hansen's (2001) recently developed test of superior predictive ability (SPA). The SPA tests indicate that the VEC-MVGARCH produces superior forecasts to those produced using the Chavas and Holt (1990) methodology regardless of whether loss functions using either mean squared error or mean absolute deviations are employed.
The remainder of the paper is organized as follows. In Section 2 we describe the VEC-MVGARCH model of Irish feed barley and wheat prices based on the theory of the law of one price. The results and analysis is presented in Section 3. A final section offers conclusions.
Modeling the Mean and Volatility of Irish Grain Prices
Ireland is a deficit producer of cereals. Table 1 below details production, domestic use and self-sufficiency ratios 3 for Irish cereals (barley, wheat and oats) for the crop years 1997-1998, 1998-1999 and 1999-2000 . The self-sufficiency ratios for these periods are all less than one hundred per cent. The exact country location of imported cereals is difficult to ascertain, however official trade statistics (from the Irish Central Statistics Office) reveal that over the period 1996-1999 almost seventy-six per cent of imported wheat was sourced from Britain.
Trade information 4 suggests that a similar proportion of barley imports is also sourced from Ardeni (1989) , Goodwin and Schroeder (1991) , Mohanty et al. (1995) , Diakosavvas (1995) , Mohanty et al. (1996) , and Ghoshray, Lloyd and Rayner (2000) .
In general these studies conduct preliminary analysis on the relevant price series for the presence of a unit root and subsequently use cointegration techniques to examine the nature of the relationship between the different price series.
There have been many studies on the time series properties of second moments using univariate GARCH models in the agricultural economics literature. The different policy regimes within US agriculture have prompted studies of the effects of various different government programs on volatility in commodity prices (see for example Crain and Lee (1996) ). The use of GARCH models in the context of commodity goods analysis has increased considerably over the past ten years. Most of this analysis has been concentrated on the US market 7 . An early example is an analysis of risk in the U.S. broiler sector by Holt and Aradhyula (1990) . Yang and Brorsen (1992) use GARCH analysis in addressing nonlinearities in the daily cash prices of seven different agricultural commodity prices. 8 Holt (1993) adopted a GARCH in Mean model to infer relative risk premia in U.S. beef margins.
McKenzie and Holt (1998) used GARCH and ARCH in Mean models to examine market efficiency in agricultural futures prices. Weaver and Natcher (2000) using a univariate GARCH model analyse the effect of changes in US market conditions precipitated by changes in US farm programmes on the volatility of agricultural prices.
Despite the fact that the use of GARCH models in agricultural research has increased considerably over the last decade many studies on the international transmission of agricultural prices typically ignore that the conditional variance (and covariances) of the price series could be time varying. In a notable contribution, Natcher and Weaver (1999) (2001)). These models typically require the specification of the mean, variance and covariance of competing product prices. All of these production models under uncertainty use the methodology of Chavas and Holt (1990) to estimate the conditional means, variances and covariances of commodity prices.
We suggest that the conditional mean of Irish grain prices could be estimated using a VEC model and the conditional covariance matrix could be estimated using an MVGARCH 
In (2) A, B and C are 2x2 matrices. Equation (2) has the advantage that H t is guaranteed to be positive definite. A and B are full symmetric matrices and C is a lower triangular matrix.
C′C gives the long-run conditional covariance matrix of the monthly growth rate of Irish feed barley and wheat prices. The parameters in A and B capture the importance of short-run deviations in the conditional covariance matrix from the long-run values. Under the assumption of conditional multivariate normality the model (1)-(2) can be estimated by maximum likelihood or quasi-maximum likelihood methods.
Results and analysis
We present our analysis in four subsections. The VEC model we estimate requires that all variables be integrated of order one. In Section 3.1 we investigate the time series properties of the variables of interest. The LOP imposes a long-run cointegrating relationship between Irish and British prices and the exchange rate between the two currencies. The cointegration analysis is presented in Section 3.2. Equations (1)- (2) are estimated and analysed in Section 3.3. We use this model to forecast Irish grain prices one-year ahead. These are compared to benchmark forecasts using the methodology of Chavas and Holt (1990) . The results are presented in Section 3.4.
Unit root analysis
We tested the British and Irish feed barley and wheat prices and the punt/sterling exchange rate for unit roots using a variety of unit root testing procedures. In all of the unit root tests appropriate lag lengths of the adjustment parameters are chosen by reduction methods. 9 A trend term was added to all test regressions for grain prices as they have a noticeable downward trend over the period. The results are reported in Table 3 . The standard augmented Dickey and Fuller (1981) (ADF) unit root test would suggest that all series are integrated. However this test lacks power. Maddala and Kim (1998) suggest that two modified ADF tests; one developed by Elliott et al. (1996) and the other a weighted symmetric test developed by Pantula et al. (1994) have more power than the basic ADF test.
However these two unit root tests suggest that the series are also nonstationary. Given that there were major CAP reforms in 1992 and 2000 we also performed some tests where the alternative hypothesis is one where the series is stationary around a breaking trend. The Zivot and Andrews (1992) unit root tests assume a unit root null hypothesis versus the alternative hypothesis that the series is stationary around a break in its level, a break in its growth rate and a break in both its level and growth rate. The Perron (1997) unit root tests are similar. It is evident from Table 3 that null hypothesis of a unit root is hardly ever rejected at conventional significance levels.
Given the seasonal nature of the grain price series we also test for unit roots at seasonal frequencies using methods described in Franses (1998) . These tests are similar to the Hylleberg et al. (1990) tests on quarterly time series. These unit root test statistics are also presented in Table 3 . The null hypothesis that H 0 : π 1 =0 or that the series contains a nonseasonal unit root cannot be rejected using critical values from Franses and Hobijn (1997) .
However the presence of bi-annual and seasonal unit roots can be rejected. The null hypothesis that H 0 : π 2 =0 and the null hypothesis that H 0 : π 3 -π 12 =0 can be rejected for nearly all series. All of the unit root tests suggest that the null hypothesis of a non-seasonal unit root in the levels of all five series cannot be rejected. 10 Thus in the remainder of our analysis we assume that all of the price and exchange rate variables are I(1).
Cointegration analysis
The hypothesised cointegrating relationships based on the LOP may be unstable given the major CAP reforms in 1992. Therefore we estimated the long run equilibrium (LOP) relationships from Irish feed barley and wheat prices using Hansen's (1992a) Table 4 . It would appear that both cointegrating relationships are stable. We performed tests for cointegration using procedures from Engle and Granger (1987) and the residuals from the fully modified estimation procedure. The p-values 12 for these tests are also presented in Table 4 and suggest that (3) and (4) that the coefficients are unity cannot be rejected at the 5% level.
We estimated each of the dynamic equations in (1) by ordinary least squares assuming a constant error variance. The m i in (1) are determined by using a combination of minimizing Bayesian Information Criterion (BIC) and ensuring that the residuals are white noise. For both equations in (1) the most parsimonious model resulted including the error correction term, the current monthly change in the British grain (barley or wheat) price, the current monthly change in the punt/sterling exchange rate and a 12 th lag in the monthly change in the MCA adjusted Irish grain (barley or wheat) price. The final equations were estimated by ordinary least squares and the residuals tested for first and twelfth order serial correlation, for first and twelfth order ARCH errors and residual normality using standard LM-tests. The estimated coefficients and misspecification test statistics are presented in Figure 3 . The figure suggests that the assumption of time varying error variances is appropriate.
The MVGARCH model
In the light of the analysis presented in the last subsection adding the MVGARCH specification to the VEC model seems justified. The estimated parameters in (1)- (2) are presented in Table 6 . The estimated coefficients on the lagged conditional covariance matrix, A, are insignificant while the estimated coefficients in B are highly significant. This suggests that short-run deviations from the long-run conditional covariance matrix, C′C, are important.
It also suggests that a multivariate ARCH specification might be more appropriate than the multivariate GARCH model. A re-examination of the ARCH tests on the estimated VEC models highlight the fact that while all ARCH tests up to order 12 are significant only the first lagged squared residual is statistically significant in the test regressions. More formally we tested whether the coefficients in A are all statistically insignificant using a likelihood ratio test. The p-value for the test is 0.98. Thus we re-estimated (1)-(2) assuming multivariate ARCH errors, i.e. we dropped the last term in (2). The results are also presented in Table 6 .
We can use to model to study the effect of changes in British grain prices or the punt/sterling exchange rate on Irish grain prices, ceteris paribus. A 10% increase in British feed wheat prices has an immediate impact of increasing Irish feed wheat prices by 4.1%.
Within 9 months the increase is fully transmitted. A 10% increase in British feed barley prices has an immediate impact of increasing Irish feed wheat prices by 2.2%. Within 14 months the increase is fully transmitted. A 10% increase in the exchange rate has the same immediate impact of increasing Irish feed wheat and barley prices by 5.6%. However the increase is fully transmitted to feed wheat prices within 9 months and to feed barley prices within 12 months. The main reason for the faster adjustment of the Irish wheat price to changes in either British wheat prices or the exchange rate is due to the fact that there are larger imports of wheat than barley from Britain. While there is no official data on this fact we have strong anecdotal evidence from many leading technical and industry experts within the Irish grain sector.
Examining the main diagonal elements of the estimated matrix B suggest that the conditional variance for Irish feed wheat prices is much more persistent than that of Irish feed barley prices. The persistence of the variance of the Irish wheat price may again be related to the larger quantities of wheat product traded. The significant off-diagonal element suggests the importance of volatility spillovers from the wheat to barley markets (and vice versa). In 
Forecasting condition first and second moments of Irish grain prices
In Ireland, specialist grain producers typically harvest in August-October and plant in
October. At the time of deciding how to allocate farmland between barley and wheat farmers care about the mean, variance and covariances of the expected returns (defined the logarithm of revenue per ton minus the logarithm of cost per ton) from barley and wheat one-year ahead at the time of harvest during the following August/September. Total return would include price, yield/output and cost uncertainty. However, as in Coyle (1992) , Saha (1997) and Oude Lansink (1999) , we assume that yields and costs per ton are non-stochastic and known in advance by producers. Thus the uncertainty in return per ton is due to uncertainty in the grain price per ton one-year ahead. Many of the production models under price uncertainty that were mentioned in Section 2 use the specification as outlined by Chavas and Holt (1990) to forecast the conditional means, variances and covariances of commodity prices. All of these studies use annual data. Using monthly observations the Chavas and Holt (1990) specification for one-year ahead forecasts is given by 2 0 1 1 2~N IID(0, ) 
where p is the price (or some studies the return) of the series of interest andˆt u is estimated from (5). There are a few major issues with this specification. The process for the conditional mean is very simple and is not suitable for modeling grain prices in a small open economy like Ireland. The weights (0.5, 0.33, and 0.17) on the lag structure in (6) and (7), and the lag lengths are both arbitrary choices of the researcher i.e. they are impositions by the researcher on the expectation mechanism of producers governing the variances/covariances of the competing output prices.
In order to compare one-year ahead forecasts of the VEC-MVGARCH model with (5)- (7) we need to modify equations (1)- (2) 
and the conditional covariance matrix, H t , is given by ( )
We start estimating these models using data up to September 1989 and then forecast Irish barley and wheat prices, their conditional variances and the conditional covariance for the following September. Then, we add one year's data and repeat the forecasting exercise. This produces eleven September forecasts over the 1990-2000 period for the five series of interest.
We use two commonly used loss functions to evaluate the forecasts; the mean squared error (MSE) and the mean absolute deviation (MAD). It is easy to calculate the MSE and MAD for the mean price forecasts as we have data on the actual price of barley and wheat the following September. In order to evaluate the forecasts of the conditional second moments we follow Hansen and Lunde (2001) . They suggest that realized volatility in the intervening time period could be used as an actual measure of volatility 13 . We calculate the variance and covariance of grain prices using the intervening twelve months and compare these to the estimated conditional forecasts.
The MSE and MAD criterion are presented in Table 7 . Our suggested model produces forecasts with lower loss functions than forecasts made using the Chavas and Holt (1990) methodology. In order to test whether the difference is significant we use a recently developed test of superior predictive ability (see Hansen (2001) for a thorough discussion) 14 .
Critical values are generated using bootstrap methods. The SPA tests for the best standardized forecasting performance relative to the benchmark model. The null hypothesis is that none of the competing models is better than the benchmark. We define the Chavas and
Holt (1990) model as the benchmark. The p-values for the SPA tests are presented in Table 7 and indicate that the VEC-MVGARCH produces superior forecasts at the 5% significance level in some cases and at the 10% significance level in nearly all the cases. This result does not depend on whether loss functions using either mean squared error or mean absolute deviations are employed.
Conclusion
This paper has sought primarily to address the question of international price transmission between Irish and UK feed grains within an increasingly volatile climate for commodity prices. The traditional model of price transmission (VEC) has been expanded in this case to allow for time varying conditional variances and covariances amongst the Irish price series modelled. Standard LM-tests failed to reject the hypothesis of ARCH errors in the standard VEC framework. Therefore allowing for multivariate ARCH errors improves the efficiency of the estimated parameter results. Interestingly, the period of most significant volatility appears to have been prior to 1993 and not subsequently as had originally been hypothesized.
As this volatility is conditional, this result may have been due to trade distortions owing to the differences, which occurred between green and market exchange rates. From 1993 on, green rates were aligned on the market rate thereby removing this potential for distortion and permitting UK grain prices to more accurately capture movements in equivalent Irish prices.
The modeling of variances and covariances of price series is also an important development particularly in the context of the increased role played by uncertainty in producer's decision-making processes. Increasing numbers of international studies are including expressions for the variances and covariances of prices as motivated by second moments uncertainty models. To date, many of these moments forecasts have been generated by use of the Chavas and Holt (1990) methodology where the relative effects of past variances and covariances on producer decision making are assumed by the researcher.
Through use of the MVGARCH component of the model estimated in this paper, these relative effects are determined entirely by the data. The forecasts from the VEC-MVGARCH model are then compared with those achieved with the Chavas and Holt methodology using approaches devised by Hansen and Lunde (2001) and Hansen (2001) . The forecasts achieved with the VEC-MVGARCH approach outperform those of the Chavas and Holt (1990) approach in all cases at the 10% level and in most cases at the 5% level.
Data Appendix
The Irish prices and exchange rates were obtained from monthly bulletins of the Irish Cereals Authority (CAI) whilst the UK prices were obtained from the UK's Home Grown Cereals Authority (HGCA).
Monetary compensation amounts (MCAs) were introduced to compensate producers for unfavorable changes in their country's green rates. These amounts were applied at a country's frontier where they acted as a tax on exports from countries where farm prices were being kept low and a subsidy on those where prices were being kept high.
The MCAs were to be phased out by gradually aligning the green rates on the market exchange rates. The application of the MCA system at the internal frontiers of the Community was incompatible with the introduction of the Single Market on the 1 January 1993. With the introduction of the Single Market, green rates were aligned on monetary rates, which resulted in only small monetary gaps. Thus MCAs were removed. The relevant MCA amounts were again obtained from the CAI's monthly bulletins. Engle-Granger (1987) 0.00 0.00 Note: The Hansen (1992a) tests are for parameter stability based on the fully modified estimated cointegrating regression. The LC and MeanF test for a gradual change in the coefficients and the SupF tests for a swift change. The appropriate p-values are obtained from Hansen (1992a) . The Engle-Granger (1987) cointegration tests are based on the residuals of fully modified estimated cointegrating regression. The appropriate p-values are obtained from MacKinnon (1994). Figure 6 . The short and long run conditional covariance between Irish feed wheat and barley.
